Aims. The instability of MHD waves in an anisotropic, collisionless, rarefied hot plasma is studied. Anisotropy properties of such a plasma are caused by a strong magnetic field, when the thermal gas pressures across and along the field become unequal. Moreover, there appears an anisotropy of the thermal fluxes. The study of the anisotropy features of the plasma are motivated by observed solar coronal data. Methods. The 16-moments equations derived from the Boltzmann-Vlasov kinetic equation are used. These equations strongly differ from the usual isotropic MHD case. The linear wave equations in a homogenous anisotropic plasma are deduced.
Introduction
Since the first identification of the coronal emission lines as forbidden lines of multiply ionized atoms (Fe, Ni) by Grotrian (1939) and Edlén (1942) it has been recognized that the corona has a high temperature of T > 10 6 K and requires permanent heating. Heating by acoustic waves was first proposed by Biermann (1946) . Later the idea has been extended to MHD waves because heating seems to be focused to regions with magnetic field concentrations, to closed fields in particular. Parker (1972 Parker ( , 1983 suggested heating by currents due to topological dissipation of magnetic fields braided by photospheric footpoint motions.
So far a huge number of interesting heating mechanisms has been suggested, but it turned out to be difficult to select and prove the most probable mechanisms by existing observations. Recently, new excellent space-borne data became available, simultaneously the plasma physics simulations and MHD modeling in particular have reached a degree of realism which suggest to look again for a solution of the problem. For example, Aschwanden et al. (2007) gave 10 arguments against local heating in the corona, but in favor of primary heating in the upper chromosphere and transition region, in the footpoint regions of closed magnetic loops.
Pulsations with periods of minutes are known from radio measurements, see, e.g., the m-Dm observations of an type IV burst by Aurass & Mann (1987) . Our knowledge Send offprint requests to: J. Staude of coronal loop oscillations has greatly improved by imaging observations, mainly onboard the SOHO and TRACE satellites (Aschwanden 2005) . Different kinds of strongly damped oscillation modes are observed as transverse amplitude oscillations with periods of 2 -30 min. By radio measurements also modes with much shorter periods are detected. The great variety of waves and oscillations observed in detail in the corona (Aschwanden 2005 (Aschwanden , 2008 suggests to consider wave heating again. Acoustic waves are damped in the lower chromosphere. MHD waves, transverse incompressible Alfvén waves in particular, can travel along the magnetic field, reach coronal heights and bring enough energy to these heights. However, it is difficult to convert globally this energy into heat. In order to increase the dissipation various mechanisms of damping of such waves have been suggested (see Heyvaerts 2001) , such as phase mixing, resonant damping, coupling to compressible (slow and fast) MHD modes, and kinetic effects (ion-cyclotron resonance); for ion heating and wave absorption see, e.g., Vocks & Marsch (2002) .
The coronal emission lines arising practically at all altitudes with different magnetic configurations demonstrate a nonthermal broadening of the profiles. From Doppler shift estimates the amplitudes of such motions are in the range of 25 -50 km s −1 . The origin of such turbulent motions is unclear.
The coronal plasma is very anisotropic and inhomogeneous, in cross-field direction in particular (Aschwanden 2005) . Various topologies of a strong magnetic field with open and closed configurations in an almost collisionless, rarefied, hot space plasma lead to its strong anisotropy, and the transport coefficients become tensor quantities. Under such circumstances a traditional hydrodynamical description of the plasma is hardly possible. That is why we try to extend the MHD equations by considering the anisotropy of the magnetized plasma.
Let us consider, for instance, the characteristic parameters of the solar corona: a temperature of T e ≈ T i = 10 6 K, a density of n e ≈ n p = 10 9 cm −3 (subscripts e, i, and p mark values for electrons, ions, and protons, respectively), and a range of magnetic field strengths of B = 0.1 − 100 G. Using these parameters we get the following estimates: electron and ion thermal velocities of v T e ≈ 4 × 10 3 km s −1 and v T i ≈ 100 km s −1 , electron and ion collision times of τ e ≈ 10 −2 s and τ i ≈ 0.8 s, electron and ion mean free paths of λ e ≈ 40 km and λ i ≈ 80 km, electron and ion gyroradii of r Be ≈ 200 − 0.2 cm and r Bi ≈ 9000 − 9 cm, electron and ion gyrotimes of τ Be ≈ 10 −6 − 10 −9 s and τ Bi ≈ 10 −2 − 10 −5 s, Alfvén and sound speeds of v A ≈ 10 − 10 4 km s −1 and c s ≈ 100 km s −1 , respectively. Hence the conditions of a strong magnetic field -λ e ≫ r Be , λ i ≫ r Bi , τ e ≫ τ Be , and τ i ≫ τ Bi -are well satisfied. That means, particles gyrating around the magnetic field lines are localized across the field at a distance of the Larmor radius which for motions across the magnetic field plays the role of a free path length of particles. Thus, the dynamical motion of a collisionless plasma with characteristic scales of L ≫ r B and τ ≫ τ B behaves across the magnetic field as a fluid.
Frequent collisions turn the plasma distribution function to an isotropic one, and thus the thermal pressure is isotropic as well. If collisions rarely occur, the energies of chaotic motions are no longer "mixed", and the pressure becomes anisotropic. The presence of a magnetic field will maintain a "non-mixed" state of the energies of longitudinal and transverse motions of particles. So, the transverse and longitudinal pressures will differ from each other, α = p ⊥ /p =T ⊥ /T = 1 (here p andT are the mean thermal pressure and temperature). For a very short time τ Be across the magnetic field mean values of thermal pressure and temperature are established, but this does not occur so fast along the field. As a result the plasma becomes colder along the magnetic field, T < T ⊥ . A distinct thermal anisotropy of T ⊥ /T ∼ 2 − 3 has been observed in the solar wind, see for example, Feldman et al. (1974) , Marsch et al. (1982) , and Kasper et al. (2003) . A strong anisotropy of temperature of the ionospheric plasma reaching 50-60 percent is really found in experiments, see Clark et al. (1973) and Likhter et al. (1979) . Large heavy-ion thermal anisotropies (T ⊥ /T > 100) were also detected in the solar corona by UVCS/SoHO by Kohl et al. (1998) and Cranmer et al. (1999) . A similar but smaller anisotropy exists for protons, see Cranmer et al. (1999) , and for the coronal hole temperature anisotropy, see Dodero et al. (1998) and Antonucci et al. (2000) . The opposite ion temperature relation T > T ⊥ is also found in solar wind observations, see, e.g., Marsch et al. (2006) . It is now generally accepted that the observed large ion temperature anisotropies are related to the physical mechanism by which the solar corona and solar wind are heated, see Hollweg & Isenberg (2002) and Marsch (2006) .
Along the magnetic field the plasma is collisionless, if the particle parallel mean free path is not small in comparison with the considered characteristic scales: λ e,i ≈ 50 km, so that the wavelength along the magnetic field is λ < 50 km. The hydrodynamical description can also be applied to the motions of such a plasma. The criterion of applicability of the hydrodynamical description in this case is obtained by comparing the self-consistent electric force with the pressure gradient, it is connected with the smaller thermal velocity of particles in comparison with the speeds of the directed stream: Oraevskii et al. (1985) .
Due to the anisotropy of the kinetic temperatures of protons and heavy ions the corresponding partial pressures become anisotropic in this way. This makes the total thermal pressure anisotropic too, p ⊥ = p . Physically such a situation can be realized only if the particle collisions in the plasma are rare. In the present paper we consider the wave peculiarities which can appear in a collisionless plasma. With this objective we formulate in Sect.2 the basic equations, which are the integrated moment equations of the kinetic Boltzmann-Vlasov equation. In Sect.3 the linear wave equation and the general dispersion relation for the incompressible case are derived. The solutions and analysis of the dispersion equation are the topic of Sect.4. In Sect.5 we investigate the instability domains in dependence on the magnetic field, on the pressure anisotropy parameter, and on thermal fluxes. The discussion and conclusions are presented in Sect.6. In the Appendix the common expression describing the boundaries of the instability domains is derived.
Basic Equations
A successful way to describe a plasma is the use of the system of the equations consisting of the kinetic equations for the distribution functions of the particles and the Maxwell equations for the electromagnetic field. The hydrodynamical approach is based on the isotropic character of the distribution of the degrees of freedom of thermal energy for the plasma components in the form of (or very close to) the Maxwell function. However, in real situations the distribution functions of the space plasma components, ions in particular, differ strongly from the Maxwell function.
Despite the relative smallness of λ e,i /λ T ≪ 1 (λ T is the thermal scale height), the coronal plasma, for example, cannot be described fully by theories supposing that local velocity distribution functions are close to Maxwellians, see Marsch (2006) .
The distribution function f a (u, r, t) describes the density of particles of a kind a in the six-dimensional phase space (u, r), it is the solution of the kinetic BoltzmannVlasov equation:
Here E and B are the total electric and magnetic fields, e a and m a are the charge and mass of particles of a sort a, F a are the non-electromagnetic forces; c is the speed of light, ∇ u is the gradient in the velocity space, and Q a (f a ) are the integrals of collisions. This statistical equation for the plasma is deduced assuming that the ratio of the average energy of the interaction of two particles to their average kinetic energy is small enough. That means, the number of particles in a plasma sphere with a Debye radius r D should be such that g = 1/(nr 3 D ) ≪ 1. In a collisionless approach Q a = 0. The left-hand part of Eq. (1) gives an effect of the order of unity, while the right-hand part for pair collisions (Landau integrals of collisions), for example, gives an effect of order g (Achieser 1974 ). For coronal conditions g ≈ 10 −6 , hence, the collisionless approach can be applied. All the macroscopic parameters (density, plasma flow speed, pressure, thermal flux, tensor of viscosity, etc.) are defined as the corresponding moments of the distribution function in the velocity space:
For example, the density of particles is n = n(r, t) = f du, the hydrodynamical speed of the plasma is nv(r, t) = uf du, the pressure anisotropy is
2 )f du, where du = du x du y du z . Due to the complexity of Eq. (1), usually the equations for the moments of the distribution function are deduced, and these equations are referred to as the hydrodynamical or the transport equations. The main difficulty in deducing these transport equations consists in the problem that in the infinite chain the momentum equations become coupled with each other, therefore some additional physically proved assumptions for truncating this chain are required.
In a collision dominated plasma one can decompose the distribution functions around the basic state of an isotropic equilibrium which is described by the Maxwell function, and if hydrodynamics can be applied a truncation of the chain of moment equations leads to rather simple MHD equations. If collisions among particles are rare and a strong magnetic field is present, the conditions become more complicated, however, for a collisionless plasma mainly across a magnetic field the hydrodynamical approach can be used, see, e.g., Chew et al. (1956) and Rudakov & Sagdeev (1958) . In this approximation the distribution function in a strong external magnetic field will depend on both speeds, those along and across the field:
The solution of the kinetic equations is searched for in the form of the expansion
where f 0 is the weighting function of the expansion (the zero-approach distribution function), a ν are the expansion coefficients, ν are the coordinates, P (k) is an orthogonal polynomial of order k (for example, a Hermitian polynomial). If a Maxwellian distribution is chosen for the weight function f 0 , Eq. (2) describes a state close to the thermodynamic equilibrium. Such an approach refers to the method of Grad (1949) . However, the method of Grad cannot be applied to describe a plasma with arbitrary anisotropic pressure. For this purpose Oraevskii et al. (1968) and Oraevskii et al. (1985) have used a bi-Maxwellian quasiequilibrium distribution,
For a small parameter g → 0 the plasma is closer to a thermodynamical equilibrium state. In that case the multipartial distribution function is close to a product of single partial distribution functions (Achieser 1974) . Therefore it is justified to use a bi-Maxwellian distribution calculated by multiplying the two functions along the magnetic field and across the field. This method introduces two vectors of thermal fluxes, and the total distribution function is expressed through 16 moments. The method of Grad results in 13-moments equations. The conditions for truncating the chain of the equations to the 16-moments equations are reduced to the following two statements: a) the components of the viscosity tensor should be much smaller than the pressures across and along the field, p ⊥ , p ; b) thermal fluxes S ⊥ , S ≪ ρv 3 T , where v T = kT /m is the thermal speed.
These requirements are satisfied in the transverse direc-
In the longitudinal direction we should have a = v T τ /L ≪ 1. a → 0 means small pressure forces (thermal motion of particles) in comparison with the electromagnetic forces, i.e. the plasma is "cold". In this case the equation of motion is transformed into the equations of motion for the separate components of the plasma.
The 16-moments set of equations was used by many authors in different theoretical approaches, especially for modeling the solar wind, see Demars & Schunk (1979) , Olsen & Leer (1999) , Li (1999) , and Lie-Svendsen et al. (2001) . Thus, the 16-moments set of transport or MHD (not in the sense of the usual isotropic case) equations for the collisionless plasma in the presence of gravity g but without magnetic diffusivity under the conditions of r B ≪ V τ , r B ≪ v T τ is given as follows, see Oraevskii et al. (1985) :
where
, and
Here S and S ⊥ are the heat fluxes along the magnetic field by parallel and perpendicular thermal motions. If the thermal fluxes are neglected, S ⊥ = 0 and S = 0, we receive the equations describing the laws of the change of longitudinal and transverse thermal energy along the trajectories of the plasma (the left-hand parts of Eqs. (6) and (7)). These so-called "double-adiabatic" parities and Eqs. (4), (5), and (10) also form a closed system of equations, the CGL (Chew-Goldberger-Low) equa-tions, see Chew et al. (1956) . However, using the CGLequations can result in unsatisfactory Eqs. (8, 9) . This is because deducing the CGL equations the third moments of the distribution function, hence the thermal fluxes, have been lost without any proof, see Chew et al. (1956) and Baranov & Krasnobayev (1977) . The equations following from the 16-moments set in our case, Eqs. (4-10), consider the thermal fluxes, they are more complete, and the CGL equations do not follow from these equations as a special case. One should compare the final results in the limits S ⊥ → 0 and S → 0 with the results based on the CGL equations, deduced by many authors, see, e.g., Kato et al. (1966) , Baranov & Krasnobayev (1977) , and Kuznetsov & Oraevskii (1992) .
Wave equations
For simplicity we will now assume, that the basic initial equilibrium state of the plasma is homogeneous, g = 0, and the following quantities are constant:
, and S 0 . Eqs. (4-10) will automatically satisfy such an equilibrium state with non-zero thermal fluxes. We will consider small linear perturbations of all physical variables, e.g. for pressure in the form
is the wave frequency observed in the moving frame of the fluid, and k is the wave number of the fluctuations. For the perturbations we obtain the equations
In deriving these equations, we have expressed the fluctuations of the thermal fluxes as
Here
The indices and ⊥ correspond to the values of the parameters along and across the magnetic field, respectively. Even if we insert in Eqs. (17-18) S 0 = S ⊥0 = 0, the perturbations of these functions will never become zero:
That means, using the 16-moments equations we should get more reliable results on the wave properties in an anisotropic plasma than with the CGL equations based on the 13-moments equations.
Strictly speaking, the heat fluxes of particles of a kind a should be defined as S a = n a m a 1 2 c 2 a u a , where c a = v − u a is the chaotic thermal speed (Achieser 1974 ). In the presence of an external magnetic field the components of this flux are defined by the solutions of the kinetic Eq. (1).
However, we should use here some appropriate estimate as a parameter.
The initial collisionless heat flux functions S 0 and S ⊥0 should be estimated by taking the thermal energy density of the electrons multiplied by the particle stream speed along the magnetic field u 0 : S 0 ≈ 3 2 n e k B T u 0 δ = 3 4 δu 0 p . Hollweg (1974 Hollweg ( , 1976 has given some estimates of the correction parameter δ (α in his papers) assuming various realistic shapes of the electron distribution function in Eq.
(1) and checking the results for agreement with space observations. δ depends on the magnetic field. In the range of B = 0.1 − 100 G we have δ ≈ 4 − 0.1. In the same way
Let us introduce dimensionless parameters (in the further text indexes "0" of physical parameters will be omitted for simplicity):
Note that β is defined here inversely proportional to the often used plasma beta. By means of these parameters the coefficients a 0,1,2 and b 0,1,2 are defined as
With the above expressions, and inserting Eqs. (12, 15, 16) we obtain from Eqs. (13-14)
The k-and B-components of these vector equations are given by
In analogy to usual MHD as used by Somov et al. (2007) , there are two independent wave branches in the plasma: waves which do not compress the plasma (div v = 0), and waves compressing the plasma (div v = 0). In this paper we shall restrict ourselves to the incompressible wave modes. Having inserted in Eqs. (27-29) the condition of incompressibity (k · v) = 0, and replaced the expressions for the variables (B · v) and (B · B ′ ) we obtain
For non-trivial solutions, B ′ = 0, the dispersion relation must be fulfilled:
This is a polynomial equation of 6 th order in the frequency of the fluctuations. For the parameter Z = 1/η = ω/(c k ) this equation can be written in the form
Here all coefficients are real, consequently, all solutions are real or conjugate complex. The dimensionless parameter γ = (3/4)δv 0 /c has been introduced, by which the heat fluxes are defined:S =S ⊥ = γ,S = γ(α − 2). In the usual isotropic MHD case only the Alfvén waves with
A can arise, the phase velocities of which are equal to each other in both directions with respect to the magnetic field. So, instead of Z 2 = β in the isotropic MHD we have deduced now the 6 th order Eq. (32) in the anisotropic MHD. With the heat fluxes, γ = 0, odd nonzero coefficients c 1 , c 3 , c 5 will result in wave propagation velocities depending on the propagation direction with respect to the magnetic field. We can expect prograde and retrograde wave modes. Let us first consider the most important limiting and special cases of Eq. (32) which can be solved analytically.
Limiting and special cases

Strong magnetic field
Let us consider the case v 2 a ≫ c 2 or the limit β → ∞. Using the usual asymptotic expansion we find the six solutions of Eq. (32):
Here α = 1 and c 6 = 0 should be obeyed. In the case α ≫ 1 we have Z 2 ≈ 2β/(1 + cos 2 φ). That means, ω 2 ≈ k 2 v 2 A along the magnetic field, φ → 0, and ω 2 ≈ 2k 2 v 2 A across the magnetic field, φ → π/2. In the opposite case α ≪ 1 we get an analogy to the inclined Alfvén waves, ω 2 ≈ k 2 v 2 A . So, the solution (33) describes the prototype of the usual (isotropic) Alfvén waves. But for more realistic values of the anisotropy parameter α ∼ O(1) these mode becomes unstable. The instability condition is 2 cos 2 φ 1 + cos 2 φ < ∼ α < 1.
Here < ∼ means that this inequality is valid with an accuracy of O(β −1 ). The growing time increases with the magnetic field and does not depend on γ. The second term in Eq. (33) defines the phase velocity of the unstable modes, which is independent of the magnetic field, but it depends strongly on γ. The instability increment and the phase velocity are defined as
d has both signs and for V ph > 0, the unstable modes are running along the magnetic field. In Figs 
The first one is practically a symmetric slow wave with V ph ≈ c ≪ v A . The second solutions are strongly asymmetric stable waves, V ph > 0 means prograde waves, V ph < 0 retrograde waves. For α < 1 we have Z 5 > 0, that means prograde waves, and Z 6 < 0 retrograde ones. In this case |Z 6 | > |Z 5 |, that means retrograde waves are faster. For α > 1 we get the opposite case: Z 5 < 0 and Z 6 > 0. In the range 1 < α < 2 prograde waves are faster, |Z 6 | > |Z 5 |, and for α > 2 we have |Z 5 | > |Z 6 |. α = 2 is a symmetric case, |Z 5 | = |Z 6 |. Antisymmetric features of waves are due to thermal fluxes. If the thermal fluxes are not included, γ = 0, both waves have the same velocities, such as in the isotropic case. We found analytically the asymptotic solutions of Eq. (32) for β → ∞. In this case only one pair of solutions is complex and can become unstable. Let us take from Figs. 1 one characteristic case, say φ = 0.25π and γ = 1. For this case the exact numerical solutions of Eq. (32) can be found. The cases β = 100, 10, 1, and 0.1 are demonstrated in Figs.  2 and 3 , where the increments of the unstable waves are shown. For moderate values of β all the solutions become complex. For β > 300 the picture of instability tends to 
Special case γ → 0
Although the absence of fluxes, S ⊥ = 0 and S = 0, is far from reality, this simplified case has been investigated by many authors using the CGL equations. Putting γ = 0 in Eq. (32) we obtain a cubic equation for ζ = Z 2 :
So we have only symmetric solutions, Z = ± √ ζ:
The analytical solutions ζ 1 , ζ 2 , and ζ 3 allow to investigate them in more detail in dependence on the parameters α, β, passes to the solution (33), which is the prototype of Alfvén waves. The reason is that for such large β we get Re(s 1 ) ≈ Re(s 2 ) and Im(s 1 ) ≈ −Im(s 2 ), so ζ 1 < 0 and ζ 2,3 > 0. In the subsequent section we investigate the dependence of the parameters determining the conditions for the appearance of the instability. For the present case γ = 0 this condition is Eq. (44) which describes the points of Im(Z) = 0 in Figs. 5.
Highly anisotropic wave propagation
The more extreme case γ ≫ 1 is also of interest. We have already seen that for large β values γ = 0 makes the wave propagation velocities strongly anisotropic with respect to the magnetic field direction. In the limit γ ≫ 1 we have the following asymptotic solutions of Eq. (32):
The four asymptotic solutions which are included in Eqs. (40) are symmetric with respect to the phase velocities, but they are highly unstable. Some characteristic pictures for the instability growing rates of these solutions are shown in Figs. 6. It is seen that with increasing γ the instability areas are shifted to the region α > 2. The remaining two solutions of Eq. (32) describe stable, but highly anisotropic modes with low and high phase velocities:
These asymptotic solutions can be used for moderate values of β. In the limit γ ≈ β ≫ 1 we have four stable and two unstable solutions. We consider here only complex solutions describing instability:
In this case the instability range is 2 < α < 2l 1 /(l 1 − l 2 ). This condition is obeyed only for the propagation angles 0 < φ ≤ In the areas labeled with the mark "+" waves are unstable, and with "-" stable.
Domains of instability
The coefficients c 1 · · · c 6 of Eq. (32) are real functions of the magnetic field parameter β, of the anisotropy parameter α, of the thermal flux parameter γ, and of the wave propagation angle φ. In dependence on these parameters the solution Z(α, β, γ, φ) can become complex, then an instability will arise. Formally in this case an exponential damping and a growing of the wave amplitudes exist at the same time. This is because the nonzero imaginary part of the solution of Eq. (32) Figs. 7. Instability areas are labeled by the sign "+". The line α = 1 divides the areas into two parts. With increasing β the instability disappears. The differences of these results from the corresponding results of Baranov & Krasnobayev (1977) and Kuznetsov & Oraevskii (1992) are probably due to the more general equations which we are using here.
A physically more interesting range of parameters with γ = 0 for the instability areas is also shown in Figs. 7. In this case all conditions are more complicated. For the given set of parameters we can get one, two, or all three pairs of complex solutions. The condition Eq. (A.5) includes all of these situations. Every point in these curves corresponds to the boundary of the instability domain. The thermal flux case γ = 0 make the areas very complicated, especially for strong magnetic fields, β ≫ 1. All the increments or instability rate regions shown in the pictures above as examples are described by the general Eq. (A.5).
Concluding remarks
Our approach has been motivated by earlier and recent coronal spectral line observations, which suggest that the following 3 unresolved coronal physics problems have probably a common origin: i) a broadening of coronal line profiles (due to some permanent turbulent motions, which exist globally everywhere); ii) the coronal heating (the sources of which are independent of the magnetic activity phase and to a minor extent of the magnetic configurations); iii) the particle acceleration and the solar wind formation (see, e.g., the model of the generation of suprathermal electrons by resonant interaction with whistler waves in the quiet corona and wind by Vocks & Mann 2003) .
In spite of so much theoretical efforts based on the isotropic MHD equations, the problems remained unsolved so far. The usual MHD equations are derived assuming that the plasma is still collision-dominated and the gas pressure is isotropic. However, this approximation cannot work satisfactorily in a rarefied hot magnetized plasma.
Of course, the best way is the use of the kinetic Boltzmann-Vlasov equations avoiding the usual MHD. However, the solution of these nonlinear integro-differential equations written for each plasma component in the 6-dimensional phase space of (u, r) is extremely difficult. Besides, we are not interested here in any small-scale plasma wave turbulence. We have to study the plasma motions integrated over large space and time scales (the same is done by applying the MHD equations in usual cases). For this aim we use the 16-moments transport equations, derived as integrated moments of the kinetic equations. In earlier similar attempts the 13-moments equations have been used. However, these equation without any motivations exclude the appearance of the thermal fluxes and they are therefore incomplete.
Anisotropy is the main feature of a collisionless plasma with a strong magnetic field (λ e,i ≫ r B ). Within large enough time intervals, t → ∞, both the electron and the ion components of the plasma tend to reach a steady Maxwellian distribution. If there would be no external magnetic field, an isotropic state would be reached. However, the magnetic field results in non-uniform distributions of speeds, u = u ⊥ , that leads to an anisotropy of the particle momentum. In the present study the pressure anisotropy is described by the parameter α and the heat fluxes by γ. Taking γ = 0 we do no pass to the 13-moments equations, or taking α = 1 and γ = 0 we do no pass to the isotropic MHD case. The 16-moments equations are in principle different equations. Using these equations we have shown that a wide unstable and stable wave spectrum in the collisionless anisotropic plasma is possible, even in the incompressible approximation. If γ = 0 (heat fluxes are present) the waves propagate along and across the magnetic field with different speeds. This behavior is different from the usual isotropic MHD case. This spectrum range is strongly dependent on the magnetic field value (parameter β), on the pressure anisotropy parameter α, on the heat fluxes parameter γ, and on the wave propagation angle φ with respect to the magnetic field. The deduced instability increments are rather large. We have obtained the general instability condition for incompressible wave propagation.
Let us consider some example of the instability growth time for coronal values. In accordance with most observations it is probable that the ions (protons and heavy ions) are heated more strongly in the direction across the magnetic field than along it. Some observations of the solar wind (see, e.g., Marsch 2006) detected an electron temperature anisotropy with an opposite relation: T e > T e⊥ . In the corona the ion temperature anisotropy results in an anisotropy of the partial gas pressure and thus of the total pressure, p = p e + p i . If we take n e ≈ n i and p ≈ n e k(T e +T i ), then α = p ⊥ /p ≃ (T e⊥ +T p⊥ )/(T e +T p ). To estimate the parameter α we should know the relations between the four temperatures: T e⊥ , T e , T p⊥ , and T p . Because of the very fast thermalization among the electron temperatures we can assume T e⊥ ≈ T e ≈ T e , see, e.g., Krall & Trivelpiece (1986) . Then α ≃ (T e + T ⊥ )/(T e + T ). Let us define Λ = T ⊥ /T (here T ⊥ and T are the proton or ion temperatures). Four cases should be considered: 1) T e ≈ T and then α = (1 + Λ)/2 > 0.5; 2) T e ≈ T ⊥ and then α = 2Λ/(1 + Λ) < 2; 3) T e ≈ (T ⊥ + T )/2 and then α = (1 + 3Λ)/(3 + Λ), where 0.33 < α < 3; 4) T e ≈ (T 2 ⊥ + T 2 )/2 and α = (
. The first version is perhaps the most probable one. In any case let us take α = 1.5. Let also B 0 = 3 G and T e = 10 6 K. Then β ≈ 10 and c ≈ c s ∼ 100 km s −1 . We assume v 0 ∼ c and γ ∼ 1. So from Figs. 2 we see that for such parameters d ≈ 0.3 and V ph ∼ 1. d ≈ 0.3 means that P w /t ins ∼ 2, where P w is the wave period, and t ins is the characteristic growth time. For P w ∼ 5 min we have a transverse wavelength of λ ∼ 10 3 km. These estimates belong to the oscillation range observed in coronal loops (Aschwanden 2005 ; see Sect.1).
We found a strong dependence of the growth time on the parameters α, β, γ, and φ. There appear different unstable and stable wave branches simultaneously within the given parameter ranges. Only the mode with the highest growth rate will dominate, and after some exponential growth the nonlinear state of the instability should be considered. It is of basic importance for the found instabilities that in the collisionless plasma there is a plasma anisotropy ∆ = p ⊥ − p = m(u 2 ⊥ /2 − u 2 )f du = 0, and that is kinetically supported. The origin of this pressure imbalance is not important for our problem; it is the background of large-scale flows only. In principle many kinds of kinetic wave turbulence can support such a pressure anisotropy, the existence of which in the considered plasma situation is shown by observations. Pressure anisotropies in high-beta plasmas (β plasma > 1) can result in various instabilities, the most important ones are the fire-hose and the mirror instabilities, see, e.g., Chandrasekhar et al. (1958) , Parker (1958) , Barnes (1966) , and Hasegawa (1969) . The incompressible fire-hose instability arises in regions with ∆ < 0. In the CGL fluid description the propagation of Alfvén waves along the magnetic field depends on the pressure/temperature anisotropy; they become unstable if the condition 1 − α > β is obeyed, see Gary et al. (1998) . In our notation β = 2/β plasma . Besides the left-handed Alfvén or ion cyclotron branches the oblique fire-hose instability becomes unstable for strongly oblique propagation, see, e.g., Hellinger & Matsumoto (2000) . This instability has a zero free frequency. The fire-hose instability has larger growth rates for parallel propagation.
Of course, we can directly compare our results with those of the CGL-based instability analysis. Figs. 5 and 7 show that in the limit of γ → 0 the fire-hose instability really appears in the region α < 1 and β < 1. The place of the classic fire-hose instability is the area with "+" in the left-hand part of Fig. 7 (corner left down) . In the righthand part of Fig. 5 the curve with β = 1 in the range of α < 1 is the growth rate of the oblique fire-hose instability with a zero real frequency. In our case the instability condition Im(ζ 1/2 ) = 0 defined by Eq. (39) is not so simple as in the CGL case, even if the parallel propagation φ = 0 is considered.
We have obtained also other results which do not follow from the CGL equations. The instabilities in the region of α > 1 or p ⊥ > p (or T ⊥ > T ) are rather strong, see Fig. 5 . The domain of this instability is limited by 1 < α < α max , see Fig. 7 . Here α max strongly depends on β. In the limit of β ≫ 1 (or β plasma → 0) this instability will disappear.
The conservation of the two CGL adiabatic invariants in an ideal collisionless plasma leads to a strong pressure anisotropy p ⊥ < p which is much larger than the observed values, see, e.g., Grooker & Siscoe (1977) and Hill et al. (1995) . However, due to nonideal effects such as heat flux these invariants are broken, see, e.g., Hau (1996) , and this leads to properties which are quiet different from those predicted by the CGL equations. For instance, the opposite anisotropy p ⊥ > p observed in the solar wind turbulence (see, e.g., Marsch et al. 2004 ) is probably a signature of dissipation processes, see, e.g., Hollweg & Isenberg (2002) . In these regions with ∆ > 0 the observed waves are identified with transverse Alfvén ion cyclotron waves (in low-β regions) and compressional mirror waves (in high-β regions), see, e.g., and Gary et al. (1993) . Usually it is difficult to find direct consequences of the kinetic instabilities in large-scale fluid flows.
In subsequent studies the present work should be extended to the compressible case and to the consideration of radiative losses, such as it has been done by Somov et al. (2007) for isotropic MHD.
